CcmD is a small membrane protein involved in heme delivery to the heme chaperone CcmE during cytochrome c maturation. Here we show that it physically interacts with CcmE and CcmC, another essential component of the heme delivery system. We demonstrate the formation of a ternary complex consisting of CcmCDE. A deletion analysis of individual domains revealed that the central hydrophobic domain is essential for its function. Moreover, the C-terminal, cytoplasmic domain seems to require a net positive charge to be functional. Our topology analysis indicates that CcmD is an integral interfacial membrane protein with its N and C termini extruding into the cytoplasmic side of the membrane. Interactions of CcmD with either ferrochelatase, the last heme biosynthetic enzyme, or directly with heme were not detectable. We postulate a function for CcmD in protein-protein interaction or membrane protein assembly required for the heme delivery process.
Cytochromes of the c type are a class of metal proteins that contain covalently bound heme as a prosthetic group to perform functions in respiratory and photosynthetic electron transport. Three distinct systems for the biogenesis of c-type cytochromes have evolved in nature, which are annotated as systems I, II, and III (reviewed in Ref. [1] [2] [3] [4] [5] [6] . The hallmark of cytochrome c maturation in all three systems is the covalent attachment of heme via thioether bonds to cysteinyl residues of the conserved CXXCH signature motif of apo-cytochrome. The ␥-proteobacterium Escherichia coli uses system I with eight membrane proteins encoded by the ccmABCDEFGH operon (7, 8) . A key intermediary step during this maturation pathway is the transfer and covalent attachment of heme to the cytochrome c maturation-specific heme chaperone CcmE (9) ; subsequently, heme is transferred from the holo-CcmE intermediate to apocytochrome c. It has been shown earlier that covalent binding of heme to an essential histidine (His 130 ) of apo-CcmE requires the activity of the CcmC maturation factor. This activity as well as the levels of CcmE polypeptides in the membranes are significantly enhanced in the presence of the CcmD protein (10) . CcmD is essential for cytochrome c maturation, but a ccmD mutant phenotype can be bypassed by overexpression of the CcmCE proteins (10) . CcmD is a small polypeptide of 69 amino acid residues with a predicted N-terminal transmembrane helix and a hydrophilic C-terminal domain. The ccmD gene is present downstream of ccmC in most bacteria that use system I for cytochrome c maturation. Despite little sequence similarity between different CcmD homologues, the hydrophilic domains are rich in charged residues, predominantly arginines. The membrane topology of CcmD has been assumed to be like that of its Rhodobacter capsulatus homologue, HelD. In this case the C terminus was proposed to reside in the cytoplasm based on the activity of a LacZ fusion and on the inactivity of a corresponding PhoA fusion (11) . In addition, the absence of positive charges N-terminal to the predicted transmembrane helix is in agreement with an N terminus-out C terminus-in topology. Here, we investigated the function of CcmD in the CcmC-mediated transfer of heme to CcmE by testing its involvement in the formation and/or stability of a CcmCDE membrane protein complex, assessing its topology in the membrane, and defining functional domains and residues.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Growth Conditions-Bacterial strains and plasmids used in this study are listed in Table I . Bacteria were grown aerobically in LB medium or anaerobically in minimal salts medium (12) supplemented with 0.4% glycerol, 40 mM fumarate, and 5 mM sodium nitrate as the terminal electron acceptor. Antibiotics were added at the following final concentrations: ampicillin, 200 g/ml; chloramphenicol, 25 g/ml. If necessary, cells were induced with 0.1% arabinose at mid-exponential growth phase.
Construction of Plasmids and Site-directed Mutagenesis-E. coli strain DH5␣ (13) was used as host for different clonings. The expression plasmid pEC36, which codes for a N-terminal hexahistidine-tagged (His 6 -) CcmD was obtained by ligation of the NdeI-and BamHI-digested PCR-amplified ccmD fragment into the NdeI-and BamHI-treated 5.4-kb pET28a (Novagen). Plasmid pEC423 was then obtained by ligation of the 310-bp XbaI-and EcoRI-digested fragment from pEC36 into the 5.4-kb XbaI-and EcoRI-digested pEC411. Plasmid pEC474 coding for wild-type CcmD was constructed by re-ligation of NsiI-treated plasmid pEC99, thereby deleting ccmC. The plasmids pEC834 and pEC835 expressing N-terminal His 6 -tagged CcmD 1-37 and CcmD , respectively, were constructed by QuikChange TM site-directed mutagenesis using pEC423 as a template and the primers listed in Table II . The plasmids pEC858 and pEC859 expressing His 6 -tagged CcmD R44A and CcmD R48A, respectively, were constructed by QuikChange TM site-directed mutagenesis using pEC835 as a template. Plasmid pEC860 expressing the double mutant His 6 -CcmD R44A/R48A was obtained by QuikChange TM site-directed mutagenesis using pEC859 as a template. pEC842, expressing CcmD with a C-terminal strep-tag (-SAWSHPQFEK) was constructed by amplifying the ccmD gene from pEC86 with primers ccmDnNdeI and ccmDcstrepSalI-r. This fragment was digested with NdeI and SalI and ligated into the 5.4-kb NdeI-and SalI-digested pISC-2 (14) . pEC856, expressing the N-terminal truncated CcmD 14 -69 -strep was constructed by amplifying a 200-bp fragment by PCR with the primers ccmDnM14NdeI and ccmDcSalI-2, using pEC86 as a template. The PCR product was digested with NdeI and SalI and ligated into the 5.4-kb NdeI-and SalI-digested pISC-2. For the construction of a plasmid expressing wild-type CcmD-strep, the ccmD gene was amplified by PCR using a forward primer, pACYC184:1613-1629, containing a BfmI site and a reverse primer, ccmDcStrepSalI, with a SalI site and pEC474 as a template. The PCR-amplified frag-ment was digested with BfmI and SalI and ligated into the 3.7-kb BfmIand SalI-digested pACYC184 (15) . The resulting plasmid was pEC857. For the expression of the C-terminal domain of CcmD, plasmid pEC843 was constructed by cloning the 102-bp PCR product obtained after amplification with primers solccmDNdeI and solccmDEcoRI and pEC86 as a template, digesting with NdeI and EcoRI and ligating it into the DNA Sequencing-All plasmid constructs and mutants derived from PCR products were confirmed by DNA sequence analysis (Microsynth, Balgach, Switzerland). In plasmid pEC848, a spontaneous frameshift mutation was created by a T3 C transition, extending the coding sequence for CcmH-His 6 by two additional codons for Gln and Leu.
Co-purification with Histidine-tagged Proteins-10 mg of membrane proteins obtained from anaerobically grown cells were solubilized in 10 ml of solubilization buffer containing 200 mM sodium phosphate, pH 8.0, 300 mM NaCl, and 1% n-dodecyl-␤-D-maltoside (GLYCON Biochemicals, Luckenwalde, Germany) for 1 h at 4°C. The insoluble material was removed by ultracentrifugation at 150,000 ϫ g for 60 min at 4°C. The solubilized fraction (supernatant) was collected and directly loaded onto a 1-ml nickel-nitrilotriacetic acid column pre-equilibrated with 20 mM Tris-HCl buffer, pH 8.0, 300 mM NaCl, and 0.1% n-dodecyl-␤-D-maltoside. The column was washed with washing buffers (20 mM Tris-HCl buffer, pH 8.0, 300 mM NaCl, and 0.1% n-dodecyl-␤-D-maltoside) with increasing concentrations of imidazole (5-30 mM). The proteins were eluted with equilibration buffer containing 300 mM imidazole. The eluted proteins were separated by 15% SDS-PAGE, transferred onto a polyvinylidene difluoride membrane, and immunostained as described below.
Co-purification with Strep-tagged Protein-10-mg membrane proteins obtained from anaerobically grown cells were solubilized as described above for 60 min at 4°C and directly loaded onto a 1-ml StrepTactin-Sepharose column pre-equilibrated with 100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1% n-dodecyl-␤-D-maltoside. The column was washed with equilibration buffer and the proteins were eluted with equilibration buffer containing 2.5 mM desthiobiotin. The eluted proteins were separated by 15% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane and immunostained as described below.
Cell Fractionation-For the preparation of subcellular fractions bacterial cultures were grown anaerobically in the presence of nitrate. Periplasmic proteins obtained from 1200-ml cultures were treated with polymyxin B sulfate as described previously (16) . For the preparation of membrane proteins, 600 ml of anaerobically grown bacterial culture were harvested, and membrane proteins were extracted as described previously (16) .
Biochemical Methods-Protein concentrations were determined using the Bradford assay (Bio-Rad) and bovine serum albumin as a standard. Holo-cytochrome c 550 and holo-CcmE formation was analyzed qualitatively by heme staining and immunoblot (17) . Soluble cytochrome c (c 550 ) in the periplasmic fractions was quantified by absorption difference spectroscopy using a ⑀ 550 -536 nm of 23.2 mM Ϫ1 cm Ϫ1 (14) . Immunoblot analysis of His 6 -tagged proteins was performed using monoclonal tetra-His antibodies (Qiagen) at a dilution of 1:2000. Immunoblot analysis of the strep-tagged CcmD versions was performed using streptavidin-alkaline phosphatase conjugate (Amersham Biosciences) at a dilution of 1:4000. Antibodies directed against the CcmE peptide (9) or CcmF peptides (18) were used at a dilution of 1:5000 and 1:10,000, respectively. Signals were detected using goat anti-mouse IgG (for His 6 -tag detection) or goat anti-rabbit IgG (for detection of other antigens) conjugated to either alkaline phosphatase (Bio-Rad) or horseradish peroxidase (Sigma) as secondary antibody and CSPD (Roche Diagnostics) or ECL (Amersham Biosciences) reagents as substrate, respectively.
Heme Binding Assays-150 g of total membrane proteins were solubilized at 4°C for 1 h in 1 ml of solubilization buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride, 0.5% lauroyl sarcosine). After centrifugation, the supernatant was incubated with hemin-agarose (Sigma) or aminododecyl-agarose (Sigma) as described previously for CcmC (16) . Agarose beads were washed three times with solubilization buffer and twice with phosphate-buffered saline to remove unbound material, then treated with 2ϫ SDS loading dye (containing 50 mM dithiothreitol) and incubated at room temperature for 20 min. The mixture was subjected to 15% SDS-PAGE. Proteins in the gel were visualized by immunoblot analysis.
Tricine 1 Gels-16% Tricine gels with a 10% spacer gel were used to separate smaller truncated versions of CcmD as initially described by Schä gger and Jagow (19) .
Co-immunoprecipitation-1-2-mg membrane proteins were solubilized and precipitated with 5 l of undiluted anti-CcmE immunoglobulins, or 10 l of anti-His 6 tag antibodies according to the method described previously (16) except that solubilization was carried out in 200 mM phosphate buffer, pH 8.0, containing 300 mM NaCl, 5 mM EDTA, and 1% n-dodecyl-␤-D-maltoside. The proteins were subjected to 15% SDS-PAGE, transferred to a polyvinylidene difluoride membrane, and probed with avidine-alkaline phosphatase conjugate against the strep-tagged CcmD or the strep-tagged ferrochelatase.
Pulse-Chase Experiment-The pulse-chase experiment was performed as described previously (14) but with some modifications. Briefly, cells were grown aerobically at 37°C in M9 medium supplemented with glycerol and 18 amino acids, except methionine and cysteine. Cells in their mid-exponential growth phase were induced with 0.1% arabinose for 1 h prior to addition of 20 Ci/ml Tran 35 S-label TM (1175 Ci/mol, MP BIOMEDICALS). After 1 min, 1 ml of the culture was withdrawn and immediately trichloroacetic acid-precipitated, and in parallel, the remaining culture was chased by adding unlabeled methionine and cysteine at 1 mg/ml each. For immunoprecipitation of the samples, 5 mg of pre-swelled protein-A-Sepharose beads (Amersham Biosciences) per sample were incubated with 10 l of anti-His 6 tag antibody (0.2 mg/ml, Qiagen) for 1 h at 4°C and then treated as described. Finally, the immunoprecipitated samples were incubated for 30 min at room temperature in 2ϫ SDS loading dye containing 50 mM dithiothreitol and then loaded on a 15% SDS-polyacrylamide gel.
Formation of Spheroplasts and Inside Out Vesicles and Proteinase K Treatment-Aerobically growing EC06 cells transformed with either plasmid pEC869 or pEC411 were induced with 0.1% arabinose at midlog growth phase for 3 h at 37°C. The spheroplasting and proteinase K treatment was performed as described by de Gier et al. (20) . For inside out vesicles cells were passed once through a French pressure cell (83 bars) and membrane vesicles were made as described previously (16) . Proteinase K (Roche Diagnostics) was added at a final concentration of 0.33 mg/ml and incubated for 1 h on ice.
Treatment of Membrane Vesicles with Various Chaotropic Agents-50
g of membrane proteins obtained from bacterial cultures of strains EC06/pEC869 and EC06/pEC411 were treated with Na 2 CO 3 (50 and 100 mM), pH 11.5, 500 mM LiClO 4 , and 1 M urea for 1 h on ice or by five freeze/thaw cycles, which involved quick freezing in liquid nitrogen and thawing at 37°C in a water bath. After the treatment, samples were centrifuged for 1 h at 150,000 ϫ g. Supernatant and pellet was collected from each sample. Proteins in the supernatant were trichloroacetic acid precipitated prior to separation by 15% SDS-PAGE. The proteins were visualized by immunoblot analysis using anti-His 6 tag antibodies.
RESULTS

Functional Analysis of Truncated CcmD
Derivatives-CcmD has three distinct domains: an N-terminal domain (amino acids 1-10: MTPAFASWNE), a hydrophobic, putative transmembrane domain (amino acids 11-37: FFAMGGYAFFVWLAVV-MTVIPLVVLVV), and a C-terminal highly charged domain (amino acids 38 -69: HSVMQHRAILRGVAQQRAREARLRAA-QQQEAA). To test whether each of these three domains is necessary for CcmD function, plasmids expressing derivatives lacking the N-terminal, C-terminal, and N-terminal plus membrane domains were constructed as depicted in Fig. 1 . In addition, an N-terminal His 6 tag and/or a C-terminal strep-tag were introduced to allow detection and/or purification of the proteins. In the ccmD in-frame deletion mutant EC76 (⌬M1-A69) the entire ccmD gene is deleted (10) . In our complementation experiments we overexpressed exogenous Bradyrhizobium japonicum cytochrome c 550 to monitor cytochrome c maturation.
The ⌬ccmD mutant strain was co-transformed with a plasmid expressing a His 6 -tagged B. japonicum cytochrome c 550 plus a plasmid encoding either wild-type or mutant CcmD protein ( Fig. 2A) . Cytochrome c formation was assayed qualitatively by heme staining of periplasmic fractions ( Fig. 2A, upper panel) . Quantification of c-type cytochromes was done by absorption difference spectroscopy. The level of holo-cytochromes c produced by the ccmD mutant complemented with N-terminal His 6 -tagged CcmD was set to 100%. The N-terminal truncated mutant CcmD 14 -69 that in addition carried a C-terminal streptag (lane 2) was not inhibited in cytochrome c formation when compared with the wild type (lane 1), but even produced slightly higher levels of holo-cytochrome c. This showed that neither lack of the first 13 N-terminal residues nor a C-terminal strep-tag in CcmD negatively affected cytochrome c maturation. Thus, the hydrophobic and the C-terminal domain are sufficient for CcmD function. When the C-terminal domain was deleted completely, cytochrome c formation was below the level of detection (lane 4), indicating that the membrane domain alone is not functional. Likewise, when the C-terminal domain was expressed in the absence of the hydrophobic domain, i.e. as a soluble cytoplasmic protein (lane 8), no cytochrome c was formed. This suggested that the hydrophobic and C-terminal domains together provide the CcmD function. Deletion of the last 16 amino acids removed only half of the cytoplasmic domain and resulted in a ϳ50% level of cytochrome c formation. One of the prominent features of the C-terminal region among all the CcmD homologues is the extraordinary abundance of basic residues, particularly arginines. E. coli CcmD protein has six arginines at positions 44, 48, 54, 56, 59, and 61 in its C-terminal region. The mutant CcmD 1-53 retains two of six arginines and two histidines, whereas mutant CcmD 1-37 lacks all of these basic residues. Our results show that the C-terminal region between the 37 th and 53 rd residue (HSVMQHRAIL-RGVAQQ) containing Arg 44 and Arg 48 is functionally important. In view of the abundance of positive charges in CcmD proteins, we constructed single point mutants R44A and R48A and a double mutant R44A/R48A of the His 6 -CcmD An intermediary, essential step during cytochrome c maturation is the delivery of heme to CcmE by CcmC. CcmD is known to aid this process by enhancing the levels of CcmE protein in the membrane (10) . Thus, we tested whether the varied cytochrome c deficiencies observed in different CcmD mutants were because of the block in CcmC-E heme delivery and/or CcmE stability. Membranes were isolated from a strain lacking the entire ccm operon (EC06) and containing plasmid pEC409 encoding CcmC and CcmE plus a second plasmid expressing either the wild-type or a mutant ccmD allele. HoloCcmE formation was determined by heme stain (Fig. 2B, 7) produced slightly enhanced amounts of holo-CcmE. The levels of CcmE polypeptide (Fig. 2B, second panel) were probed by immunoblot analysis and found to correspond to those of holo-CcmE. The result of the double arginine mutant is particularly striking, because this mutant produces enhanced levels of apo-and holo-CcmE while it is inhibited in cytochrome c formation. To assess whether the various CcmD derivatives were localized to the membrane, we used immunodetection of their respective tags. The His 6 -and strep-tagged CcmD versions were detected on immunoblots of Tricine gels with the migration patterns and signal intensities corresponding to the molecular weights. However, only weak signals were obtained from the single and no signal from the double arginine mutants. We cannot exclude that the change of the charges within these small peptides has affected transfer efficiency during electroblotting. Alterna- tively, the removal of positive charges in CcmD alters the physical behavior of the protein.
Involvement of CcmD in Heme Delivery-No direct studies have been conducted on the protein-protein interaction of CcmD with other Ccm proteins. Because CcmD stimulates CcmC-mediated heme delivery to CcmE, we initially focused on these two proteins as possible interaction partners for CcmD. In addition, it is possible that CcmD is involved in mediating the further transfer of heme to cytochrome c via CcmF/CcmH. In this context we expected CcmD to interact with membrane proteins CcmC, CcmE, CcmF, and/or CcmH. To test this hypothesis we performed pairwise co-immunoprecipitation experiments with these proteins, using strep-tagged CcmD that was co-expressed with CcmC-H 6 , CcmE, His 6 -CcmF, or CcmH-His 6 , in the ⌬ccmA-H strain EC06 (Fig. 3B ). Membrane proteins were tested for the presence of the expressed polypeptides (Fig.  3A) and then precipitated either with anti-CcmE serum (Fig.  3B, lanes 1 and 2) or anti-His 6 -tag antibody (Fig. 3B, lanes  3-6) , and the precipitates were analyzed for the presence of CcmD-strep by immunoblot. CcmD was found to co-precipitate with CcmE (lane 2) and CcmC (lane 4), but not with CcmF (lane 6) and CcmH (lane 5).
Next we examined the interactions in a co-purification experiment to specifically evaluate the affinity of CcmD toward CcmC and CcmE. CcmD-strep was co-expressed with either CcmC-His 6 (Fig. 4A) or CcmE (Fig. 4B) in the ⌬ccmA-H background strain EC06. After purification of solubilized membrane proteins on StrepTactin-Sepharose CcmC co-eluted with CcmD-strep (Fig. 4A) , whereas no traces of CcmE were found under identical conditions (Fig. 4B) . Even trichloroacetic acid precipitation of the eluted fractions leading to a 15-fold concentration of the proteins failed to reveal any detectable CcmE. These results indicate that CcmD binds to CcmC better than to CcmE under the conditions tested.
We also tested the possibility of a direct interaction between CcmD and heme, but we failed to detect any CcmD-specific band in a hemin-agarose binding experiment (data not shown). As CcmD is the only Ccm factor with a cytoplasmically oriented domain, we considered the possibility that it might provide a docking site for ferrochelatase, the last heme biosynthetic enzyme, thus facilitating heme delivery for cytochrome c maturation. To test this hypothesis, we constructed and used a plasmid overexpressing the gene for a strep-tagged ferrochelatase. Co-immunoprecipitation experiments were performed with membranes from cells expressing strep-tagged ferrochelatase and His 6 -CcmD. Precipitations were done with anti-His 6 antibodies, but detection of possible co-precipitating ferrochelatase with streptavidin repeatedly gave no signal (data not shown). Therefore, it is unlikely that ferrochelatase strongly interacts with CcmD.
Role of CcmD in Ternary Complex Formation-After having shown that CcmD physically interacts with both CcmC and CcmE, but only co-purifies with CcmC, and that the double arginine mutant has an effect on heme delivery to cytochrome c, we came up with the following model: CcmD is involved (i) in docking apo-CcmE firmly onto CcmC and (ii) helping CcmC to release holo-CcmE after heme transfer to CcmE has taken place. In doing so CcmD should bind to CcmC and mediate the transient movement of CcmE. If our hypothesis is correct, then it is likely that the three proteins CcmC, CcmD, and CcmE at some point form a ternary complex. This possibility was examined by expressing CcmC and CcmE in the presence and absence of CcmD. We co-expressed CcmC-His 6 with either CcmDE (Fig. 5A) or CcmE alone (Fig. 5B ) in a ⌬ccm background strain. When the solubilized membrane proteins were purified by nickel affinity chromatography, CcmE co-eluted with CcmC only in the presence of CcmD (Fig. 5A ), but not in its absence (Fig. 5B) . However, upon overexposure of the immunoblot in Fig. 5B , weak bands indicative of CcmE appeared (data not shown). Our results suggest that CcmD is involved in strengthening a transient interaction between CcmC and CcmE.
Influence of CcmD on CcmE Stability-We have shown previously that the levels of CcmE in the membrane are increased in the presence of CcmD (10) . The question therefore arose whether the stability of CcmE depends on CcmD. Pulse-chase experiments were conducted to investigate this problem. Cells expressing CcmE in the presence and absence of CcmD and CcmC (as a control) were pulse-labeled, and the fate of freshly labeled CcmE protein was followed over a period of 7 h after a chase with an excess of non-labeled methionine and cysteine. There was no difference in the CcmE-specific signals in the presence or absence of neither CcmD nor CcmC (data not shown). These results demonstrate that CcmD is not involved in the stability of CcmE in the membrane, but rather is a true membrane protein assembly factor organizing the proper interactions between two membrane proteins. Topology of CcmD-A prediction of the CcmD topology using the HMMTOP program (21) envisages CcmD as a monotopic membrane protein and is in agreement with the experimentally determined cytoplasmic C terminus of the R. capsulatus CcmD homologue HelD (11) . Nevertheless, the periplasmic orientation of the N-terminal region as a result of a transmembrane orientation of the hydrophobic domain has only been tentative. Alternatively, CcmD may not traverse the membrane bilayer, but rather be peripherally associated with the membrane or insert in only one leaflet with its N and C termini on the cytoplasmic side of the membrane. It is difficult to experimentally assess this kind of membrane topology of monotopic membrane proteins. We addressed the CcmD topology by constructing a CcmD version with both an N-terminal His 6 tag and a C-terminal strep-tag. The doubly tagged protein has full activity in cytochrome c maturation (not shown). This protein was then tested for protection from proteinase K digestion in spheroplasts as well as in inverted vesicles. As a control we used N-terminally His 6 -tagged CcmE, whose topology in the membrane is known: the His 6 tag resides on the cytoplasmic side of the membrane, whereas the bulk of the protein with the antigenic region is periplasmic. In spheroplasts CcmD was protected entirely from proteinase K digestion activity while CcmE was not (Fig. 6A, top panel) . The presence of intact N and C termini in CcmD was confirmed by immunoblot before and after proteinase K treatment using anti-His 6 immunoglobulins and streptavidin, respectively (Fig. 6A, bottom left panels) . In the CcmE control, the band of the full-length protein disappeared after proteinase K treatment and was not detected with anti-CcmE serum. However, a degradation product corresponding in size to the N-terminal His 6 -CcmE membrane anchor could be detected with the His 6 tag-specific antibodies (Fig. 6A , bottom right panels). It was resistant to proteinase K digestion because it was not exposed to the periplasm. If the N terminus of CcmD was cytoplasmically oriented, this part of CcmD should be susceptible to proteinase K digestion in inside out vesicles to the same extent as the C terminus. This was confirmed because the signals for both His 6 and strep-tag detection were strongly diminished after proteinase K treatment of the vesicles, a result that was also obtained for the N-terminal His 6 tag of CcmE (Fig. 6B) . Our results provide evidence that CcmD does not have a transmembrane helix and that its N and C termini both protrude into the cytoplasm. To test whether CcmD is a peripheral rather than an integral membrane protein, we tried to extract CcmD from the membrane fractions by either subjecting the membranes to five freeze/thaw cycles or by treating them with various chaotropic agents that are known to extract peripheral membrane proteins (22) , as described under "Experimental Procedures." As a control we treated the membranes obtained from EC06 cells overexpressing the membrane-anchored CcmE in a similar manner. We were unable to extract any CcmD out of the membrane fraction (data not shown) under all mentioned conditions. Hence, we postulate that CcmD is firmly embedded in the lipid bilayer like an integral interfacial membrane protein.
DISCUSSION
The CcmD protein of E. coli is an essential factor for cytochrome c maturation; yet its precise role in this process is not known. The 69-amino acid polypeptide has three domains: (i) an N-terminal domain consisting of residues 1-13 with partly polar side chains, (ii) a hydrophobic membrane anchor comprising residues 14 -37 of entirely hydrophobic nature, and (iii) a C-terminal, soluble domain that is rich in charged residues with predominantly positive charges. This domain structure and charge distribution is very well conserved in CcmD homologues of other bacteria, whereas individual amino acid residues are not. However, all known CcmD homologues are encoded by a gene directly following the ccmC gene (23) . In E. coli ccmD is part of the ccmABCDEFGH operon.
We have shown previously that CcmD assists the formation of the heme-binding form of the CcmE heme chaperone (10) . The covalent attachment of heme to CcmE is catalyzed mainly by CcmC, but more holo-CcmE accumulates in membranes when CcmD is present. It has been excluded that CcmD influences the kinetics of heme attachment (10) . Our study shows that CcmD is an integral membrane protein, and its hydrophobic domain is functionally essential. Whereas it has been proposed from LacZ fusions of the R. capsulatus homologue HelX that the C-terminal soluble domain is exposed to the cytoplasm the location of the N terminus had never been determined experimentally (11) . Here, we have constructed N-and C-terminally tagged CcmD derivatives and investigated the accessibility of the tags to proteolytic digestion in both spheroplasts and inside-out vesicles. Both, N-and C-terminal tags had the FIG. 6 . Membrane topology of CcmD. A, topology analysis in spheroplasts. Top panel, Coomassie stain of spheroplast proteins prepared from aerobically grown ⌬ccmA-H mutant strain EC06 co-expressing His 6 -CcmD-strep (from plasmid pEC869; left side) or His 6 -CcmE (from plasmid pEC411, right side) untreated or treated with proteinase K. Proteins were separated in a 16% Tricine polyacrylamide gel. The molecular masses of the protein size marker are indicated in kDa. In the bottom panels, the results from immunoblots of identical gels reveal the identity of the indicated protein bands. B, inside out vesicles from EC06/pEC869 without or with treatment with proteinase K were analyzed by immunodetection using anti-His 6 tag antibodies or streptavidin for strep-tag detection as indicated.
same resistance or sensitivity toward proteinase K, implying that they are located on the same, i.e. the cytoplasmic, side of the membrane. Hence, we prefer the view that the hydrophobic domain of CcmD anchors the protein to the membrane with a loop structure rather than a transmembrane segment. Whereas the small N-terminal domain is not required for function, the C-terminal charged domain is essential. Its partial truncation results in an equivalent 50% loss of function. Mutation of either of the two remaining arginines to alanines (R44A and R48A) did not inactivate the protein, but a drastic loss of activity was obtained in the double mutant (R44A/ R48A), where the net positive charge was removed.
What is the function of the positively charged, cytoplasmic domain in cytochrome c maturation, a process that occurs predominantly in the periplasm? One idea we tested was an interaction of CcmD with the cytoplasmic enzyme ferrochelatase as part of metabolic channeling, linking biosynthesis and delivery of heme to c-type cytochromes. To investigate the possibility that CcmD could connect the two processes at the membrane by specifically docking the ferrochelatase to the Ccm heme delivery system, we tried to co-precipitate CcmD with ferrochelatase, however, without success. Alternatively, we can imagine a protein-protein interaction of CcmD with cytoplasmic domains of CcmC or CcmE, which in both cases are rather small. A common feature of CcmE homologues is that their N-terminal 7-9 amino acid residues, most likely extruding from the membrane into the cytoplasm, contain three to five arginines or lysines and thus are positively charged. It is possible that the positive net charges of the CcmE N-terminal end interferes with the positively charged C-terminal domain of CcmD, causing some repulsion that might be necessary for the dynamic shuttling of CcmE between CcmC and CcmF during heme delivery (24) .
A more classical role for CcmD is that of an assembly factor of membrane proteins. The enhanced levels of CcmE in the membrane in the presence of CcmD can be because of either increased stability or increased incorporation into the membrane. The former was excluded by a pulse-chase analysis where CcmE was found to be stable over hours. Hence, CcmD is likely to function in assembly of CcmE with the membrane and/or with other membrane protein subunits of the Ccm system.
